Abstract-Spatial localization of radioactive sources is currently a main issue interesting nuclear industry as well as homeland security applications, and can be achieved using gamma cameras. For several years, CEA LIST has been designing a new system, called GAMPIX, with improved sensitivity, portability and ease of use. The main remaining limitation is the lack of spectrometric information, preventing radioactive materials identification. This article describes the development of an imaging spectrometer based on the GAMPIX technology. Experimental tests have been carried out according to both spectrometric methods enabled by the pixelated Timepix readout chip used in the GAMPIX gamma camera. The first method is based on the size of the impacts produced by a gamma-ray energy deposition in the detection matrix. The second one uses the Time over Threshold (ToT) mode of the Timepix chip and deals with time spent by pulses generated by charge preamplifiers over a user-specified threshold. Both energy resolution and sensitivity studies proved the superiority of the ToT approach that will consequently be further explored. Energy calibration, tests of several pixel sizes and use of the Medipix3 readout chip are tracks to improve performances of the newly implemented imaging spectrometer.
I. INTRODUCTION
PATIAL localization of radioactive sources is currently a main issue interesting nuclear industry (nuclear power plants dismantling, radioactive waste management, radiation protection, etc.) as well as homeland security applications with luggage control in airports or post-accidental interventions [1] . Gamma imaging is a very interesting technique to achieve this spatial localization by enabling superimposition of visible and gamma pictures using dedicated devices called gamma cameras.
For several years, CEA LIST has been designing a new gamma camera, named GAMPIX, which is currently under industrialization by CANBERRA (Fig. 1 ) [1] [2] [3] . This system enables to cover a large energy range, from 241 Am (59.5 keV) to 60 Co (1.173 MeV and 1.333 MeV), with high detection sensitivity and a field of view of 50°. Time detection for 241 Am sources is reduced of several decades compared with gamma camera currently commercialized. GAMPIX is also much lighter than previous systems (2 kg instead of about 15 kg) and very easy to deploy and use thanks to an USB connectivity. GAMPIX's body integrates three building blocks. The detection system contains a 1 mm thick CdTe substrate bumpbonded to a pixelated readout chip called Timepix [4] and developed by the CERN. In 1.4 cm square, Timepix chip integrates 256 pixels by 256 pixels with independent shaping and processing chains. In front of the detection system, the coded mask is used as a multi pinhole collimator for spatial localization. It is characterized by its number of holes and its thickness. Finally, the USB module enables a plug-and-play connection of the gamma camera with the acquisition laptop [5] . The main limitation of the GAMPIX gamma camera is the lack of spectrometric information, preventing the radioactive material identification. Thus, dose rate calculation needs assumption on the nature of the radionuclides and it is impossible to identify different radionuclides simultaneously present in the environment. Considering this limitation, it was decided to add new spectrometric measurement capabilities to the GAMPIX gamma camera to achieve an imaging spectrometer.
(a) (b) Fig. 1 : (a) GAMPIX gamma camera prototype developed by CEA LIST (b) Industrial prototype developed by CANBERRA.
The Timepix chip offers two approaches for performing spectrometry. The first one is based on the average size of the clusters where incident gamma-rays deposit their energy, S 978-1-4799-1047-2/13/$31.00 ©2013 IEEE which depends on the radionuclide. As an example, the average cluster size varies from 2.8 pixels for a 241 Am source to 7.0 pixels for a 60 Co source. The incident average energy can thus be deduced from the average cluster size. The second approach uses the Timepix Time over Threshold (ToT) mode [4] . By setting a threshold on pulses obtained at the output of charge sensitive preamplifiers, ToT mode measures the time spent by the pulses over the threshold, which is an indication on the energy. Conversion between cluster sizes or ToT values and energy can be achieved using known radioactive sources or monoenergetic beams.
In this article, first, we present the settings used for the implementation of an imaging spectrometer dedicated to 241 Am, 133 Ba, 137 Cs and 60
Co radionuclides for both spectrometric approaches previously presented. A qualitative and quantitative comparison of performances in terms of resolution and sensitivity is then carried out for both methods.
II. METHODS
The purpose of this study was to achieve a selective spatial reconstruction with incident photon energy (via cluster sizes or ToT values) as selection criteria.
Radioactive sources spread on all the energy range covered by the GAMPIX gamma camera were used. Their characteristics are summarized in Table I . Dose rate are given at 1 m, which is the distance commonly used for the calibration of the gamma camera. Radioactive sources were disposed by two or three in front of the camera over a graduated table. Tests were carried out for distance between radioactive sources and GAMPIX gamma camera varying from 50 cm to 1.50 m on the camera axis and from 0 to 50 cm on each side of the camera on the perpendicular axis.
The Pixelman interface developed in the Czech Technical University of Prague was used to define the settings of the chip and acquire data. Threshold equalization with "noise edge" method was first performed to minimize dispersion around the average threshold value. A parametric study on the thirteen chip parameters showed that I krum had the greatest influence on both energy gain and energy resolution [6] . The I krum current both controls falling times of pulses generated by charge preamplifiers and compensates leakage currents. All parameters were finally set to their default value except I krum which was set to the DAC code value 2. The substrate bias voltage is set to -110 V.
Acquisitions were performed in "Time over Threshold" mode and in "frame" type with 1 s acquisition per frame.
Acquisition time was contained between 300 s and 2000 s depending on configurations tested.
Data processing was performed with a dedicated Matlab software developed by CEA LIST. This software achieves the spatial reconstruction and plots cluster size histograms, giving the number of occurrences depending on the cluster size, and ToT spectra, giving the counts depending on the ToT value. It also enables to focus spatial reconstruction on cluster size windows or ToT windows specified by the user. Methods used to determine these windows are explained below.
A. Cluster Size Windowing
Cluster size windowing requires a preliminary measurement with each radionuclide taken alone. From the cluster size histograms, mean cluster size, dispersion around the mean and overlapping between radionuclides are evaluated. The first spatial reconstruction is performed on the single mean cluster size. Then, the windowing is progressively broadened and the best configuration is determined by qualitatively evaluating spatial reconstructions.
B. ToT Windowing
A preliminary ToT measurement with each radionuclide taken alone is also required to identify ToT values associated with characteristic features (photoelectric peaks, Compton edge, etc.) Global spectrum is then investigated to determine if there is overlapping due to the energy resolution of the sensor. The first windowing is centered on characteristic features and the best windowing is finally obtained by sequential approach.
Comparison between both windowing is based on discrimination ability and sensitivity.
C. Discrimination Ability
Discrimination ability is qualitatively evaluated by looking at spatial reconstructions. Resolution is satisfying if all radioactive sources in the field of view appear clearly separated without artifacts.
D. Sensitivity
Sensitivity corresponds to the minimal duration required to obtain a picture where a punctual source appears as point (Fig.  2 (b) ), without artifacts looking like other sources (Fig. 2 (a) ). It is determined for each source placed at 1 m from the gamma camera in the camera axis, without windowing and with cluster size and ToT windowing. All measurements are repeated three times to control reproducibility. Several configurations of the mask used for spatial localization have also been tested. 
III. RESULTS
For each radioactive source tested, Table II summarizes the mean cluster size and the cluster size windowing chosen for best discrimination. Fig. 3 shows location of the windowing on the 241 Am and 60 Co histograms. To avoid overlapping, mean cluster size and most frequent cluster sizes are not necessarily included in the windowing. Fig. 4 . Because of overlapping, windowing does not necessarily includes characteristic features. ToT spectra obtained are in good agreement with previous literature results [7] . Superiority of ToT windowing is explained by the number of possible values than can be taken with each approach. ToT windowing is performed on the 11810 channels of the counting system, while mean cluster size varies approximately from 1 to 20 depending on the radionuclide. In addition, this last method deals with mean values while ToT mode enables finer spectrometry.
A. Discrimination Ability

B. Sensitivity
Tables V to VII summarize sensitivity for all the radionuclides tested without windowing and with cluster size and ToT windowing. Percentages below the dotted lines indicate the loss of sensitivity due to both windowing techniques compared with results without windowing. Tests have been performed for several configurations of the coded mask. For each radionuclide, coded mask and windowing configuration offering the best results are highlighted in bold.
Windowing causes a loss of sensitivity greater than 20% in almost all cases, which is explained by the little fraction of events occurring in the sensor finally selected for spatial reconstruction. For low energies, this sensitivity loss is not a real problem because of the very fast acquisition times of the GAMPIX gamma camera (from 1 s to 2 s for 241 Am with rank 7, thickness of 8 mm for the coded mask). For higher energies, loss can be limited by the choice of the most adapted mask: rank 7, thickness of 4 mm for 133 Ba and rank 7, thickness of 8 mm for 137 Cs and 60 Co. In the case where the nature of the searched radionuclides is unknown, coded mask with rank 7, thickness of 4 mm offers the best trade-off.
Best sensitivities are obtained for ToT windowing in comparison with the cluster windowing. Degraded results with 60 Co are explained by photoelectric peak spreading due to the high mean cluster size (7) and to the dispersion around this value. In fact, centroids of the peaks due to the contribution of each cluster size are not well aligned, as shown in Fig. 6 . This well-known problem would be solved by the calibration of the detector. 
IV. CONCLUSION AND PERSPECTIVES
In this article, we have proven the experimental feasibility of an imaging spectrometer based on both cluster size windowing and ToT windowing. Both energy resolution and sensitivity have been proven to be better for ToT windowing, which will consequently be chosen for further developments of the imaging spectrometer based on the GAMPIX gamma camera.
Next planned step is the energy calibration of the detector to improve energy resolution by reducing dispersion between peaks due to different cluster sizes. The SOurce of LowEnergy X-rays (SOLEX) of the CEA Saclay, France, delivering monochromatic X-ray beams from 0.5 keV to 28 keV, should be used [8] . This energy calibration will be particularly useful at high energy because of the great mean cluster size and should among others improve ToT windowing performances with 60 Co. Test of a 110 μm pixel side, 1 mm substrate thickness Timepix chip is another purpose of our work. It would enable to evaluate the energy resolution gain due to the limitation of charge sharing between several pixels, which is one of the main cause of the energy resolution degradation.
Finally, the replacement of the Timepix readout chip by a Medipix3 chip is also studied. The ToT mode is not implemented in the Medipix3 chip and spectra have to be obtained by counting the number of deposits for each threshold value [9] . The main improvement compared to previous Medipix chips concerns the hardware connection between several neighboring pixels, which should drastically improve the energy resolution of the system.
